Charginos χ ± 1 are expected to be the lightest observable supersymmetric particles in many supersymmetric models. We present a procedure which will allow to determine the chargino mixing angles and, subsequently, the fundamental SUSY parameters M 2 , µ and tan β by measurements of the total cross section and the spin correlations in e + e − annihilation to χ 
Introduction
In supersymmetric theories, the spin-1/2 partners of the W boson and charged Higgs boson,W ± andH ± , mix to form chargino mass eigenstatesχ ± 1,2 . The mass eigenvalues mχ± 1, 2 and the mixing angles φ L , φ R are determined by the elements of the chargino mass matrix in the (W − ,H − ) basis [1] 
which is built up by the fundamental supersymmetric parameters a : the gaugino mass M 2 , the Higgs mass parameter µ, and the ratio tan β = v 2 /v 1 of the vacuum expectation values of the two neutral Higgs fields which break the electroweak symmetry. Once charginos will have been discovered, the experimental analysis of their properties, production and decay mechanisms, will therefore reveal the basic structure of the underlying low-energy supersymmetric theory.
Charginos are produced in e + e − collisions, either in diagonal or in mixed pairs [2] . In the present note, we will focus on the diagonal pair production of the lightest charginõ χ ± 1 in e + e − collisions,
The second charginoχ ± 2 is generally expected to be significantly heavier than the first state. At LEP2 [3] , and potentially even in the first phase of e + e − linear colliders (see e.g. Ref. [4] ), the charginoχ ± 1 may be, for some time, the only chargino state that can be studied experimentally in detail.
Even in this situation the underlying fundamental parameters can be extracted from the mass mχ± 1 , the total production cross section, and the measurement of the polarization with which the charginos are produced.
Theχ polarization vectors andχ-χ spin-spin correlation tensors can be determined from the decay distributions of the charginos. Beam polarization is helpful but not necessarily required. We will assume that the charginos decay into the lightest neutralinoχ 0 1 , which is taken to be stable, and a pair of quarks and antiquarks or leptons and neutrinos: χ
It is very important to note, however, that no detailed information on the decay dynamics, nor on the structure of the neutralino, is needed to carry out the spin analysis [5] . Thus the analysis of the chargino properties is separated from the neutralino sector. Since two neutral particlesχ 0 1 escape undetected, it is not possible to reconstruct the events unambiguously. The partial information on the chargino polarizations is nevertheless sufficient to extract the fundamental supersymmetric parameters up to at most a two-fold discrete ambiguity. In contrast to earlier analyses [6, 7] , we will not elaborate on global chargino/neutralino fits but rather attempt to explore the event characteristics a The chargino/neutralino sector is assumed to be CP-invariant in the following analysis. The consequences of CP non-invariance will be discussed briefly in the Appendix.
to isolate the chargino sector.
The analysis will be based strictly on low-energy supersymmetry. Once these parameters will have been extracted experimentally, they may be confronted with the relations as predicted in Grand Unified Theories for instance. The paper will be divided into four parts. In Section 2 we briefly recapitulate the elements of the mixing formalism for the sake of convenience. In Section 3 the cross sections for chargino production and the chargino polarization vectors are given. The analysis power for measuring the chargino polarization vectors and spin correlations is exemplified for appropriate decay modes in Section 4. In Section 5 we describe a set of observables which can be used in measurements of angular correlations to extract the fundamental supersymmetric parameters in a model-independent way. Conclusions are given in Section 6. In an appendix, we discuss the impact of potential CP non-invariance in the chargino/neutralino sector on the present analysis.
The three fundamental supersymmetric parameters M 2 , µ and tan β can be extracted from the three charginoχ ± 1 parameters: the mass mχ± 1 and the two mixing angles φ L and φ R of the left-and right-chiral components of the wave function. These mixing angles are physical observables and they can be measured in the process e + e − →χ + 1χ − 1 if the polarization states of the charginos are analyzed.
The two angles φ L and φ R define the couplings of the chargino-chargino-Z vertices and the electron-sneutrino-chargino vertex:
where
The coupling to the higgsino component, being proportional to the electron mass, has been neglected in the sneutrino vertex; the sneutrino couples only to left-handed electrons. Since the photon-chargino vertex is diagonal, it does not depend on the mixing angles:
The parameter e is the electromagnetic coupling which will be defined at an effective scale which is identified with the c.m. energy √ s.
The Production of Polarized Charginos
The process e + e − →χ + 1χ − 1 is generated by the three mechanisms shown in Fig. 1 : schannel γ and Z exchanges, and t-channelν exchange. The transition matrix element, after a Fierz transformation of theν-exchange amplitude,
can be expressed in terms of four bilinear charges, classified according to the chiralities α, β = L, R of the associated lepton and chargino currents
(1 + cos 2φ R )
The first index in Q αβ refers to the chirality of the e ± current, the second index to the chirality of theχ ± 1 current. Theν exchange affects only the LR chirality charge while all other amplitudes are built up by γ and Z exchanges. Dν denotes the sneutrino propagator Dν = s/(t − m 2 ν ), and
; the non-zero width can in general be neglected for the energies considered in the present analysis so that the charges are real.
For the sake of convenience we also introduce the quartic charges [8] 
and
The measurement of the quartic charges Q 1 to Q ′ 3 will allow us to extract the two terms cos 2φ L and cos 2φ R unambiguously. The corresponding quantities sin 2φ L and sin 2φ R are determined up to a sign ambiguity. 
Defining theχ − 1 production angle with respect to the electron flight-direction by Θ, the helicity amplitudes can be determined from eq. (7). While electron and positron helicities are opposite to each other in all amplitudes, theχ helicities by the remaining two indices, the helicity amplitudes T (σ; λ,λ) = 2πα σ; λλ are given as follows [9] ,
/s is theχ The final state probability may be expanded in terms of the unpolarized cross section, the polarization vectors ofχ o from theχ − flight direction), andŷ =ẑ ×x in the rest frames of the charginos, cross section and spin-density matrices may be written as [10] : Alternatively, the polarization vectors and the spin-spin correlation matrix may be defined in the following covariant way. Denoting theχ − 1 spin-quantization axis by n µ , thẽ χ + 1 axis byn µ , the cross section for e + e − →χ
The two representations are related through the identities
with η i (η i ) being the three unit vectors in the particle (antiparticle) rest frame Lorentzboosted to the laboratory frame.
The production cross section
The unpolarized differential cross section is given by the average/sum over the helicities:
Carrying out the sum, one finds the following expression for the cross section in terms of the quartic charges:
If the production angle could be measured unambiguously on an event-by-event basis, the quartic charges could be extracted directly from the angular dependence of the cross section.
The total production cross section is shown in Fig In Fig. 2b it is shown that theν-exchange diagram, as well-known, leads to a strong destructive interference for the gaugino and mixed regions, while the dependence of the cross section on mν decreases as the higgsino component of the chargino increases. Prior or simultaneous determination of mν is therefore necessary to determine the other SUSY parameters. The angular distribution depends strongly on the (M 2 , µ) parameter values. The peak in the forward region for the gaugino and mixed points is due to the t-channel sneutrino exchange; the distribution is almost forward-backward symmetric in the higgsino scenario.
The chargino polarization vectors
The polarization vector P = (P T , P N , P L ) is defined in the rest frame of the particleχ − 1 . P L denotes the component parallel to theχ − 1 flight direction in the c.m. frame, P T the transverse component in the production plane, and P N the component normal to the production plane. These three components can be expressed by helicity amplitudes in the following way:
with the normalization
The corresponding polarization 4-vectors can readily be expressed in terms of the quartic charges,
with, correspondingly,
The vectors l µ andl µ are the 4-momenta of the incoming electrons and positrons, respectively.
The normal component can only be generated by complex production amplitudes. Non-zero phases are present in the fundamental supersymmetric parameters if CP is broken in the supersymmetric interaction [1] . Also, the non-zero width of the Z boson and loop corrections generate non-trivial phases; however, the width effect is negligible for high energies and the effects due to radiative corrections are small. Neglecting loops and the small Z-width, the normalχ − 1 andχ + 1 polarizations are zero since theχ 1χ1 γ andχ 1χ1 Z vertices are real even for non-zero phases in the chargino mass matrix, and the sneutrino-exchange amplitude is real too. The CP-violating phases will change the chargino mass and the mixing angles [12] but they do not induce complex charges in the production amplitudes of the light chargino pairs (see Appendix).
The longitudinal and transverse components of theχ − 1 polarization vector can easily be obtained from the helicity amplitudes or from the covariant representation:
where the normalization N is given in eq. (22). The polarization vector depends on the quartic charges Q ′ 1 to Q ′ 3 , which are independent out of the charges Q 1 and Q 3 . Representative examples of their size are shown as a function of cos Θ in Fig. 4 ; the same parameters are adopted as for the cross section in Fig. 2 . The dependence of the longitudinal and transverse polarizations on the SUSY parameters is rather weak at √ s = 200 GeV; close to the production threshold, P L and P R are given by the same combination of quartic charges:
The sensitivity is stronger at √ s = 500 GeV where the gaugino scenario is clearly separated from the higgsino scenario.
Chargino spin-correlations
The three quartic charges Q 1 , Q 2 and Q 3 determine the Θ dependence of the cross section. This would be sufficient for measuring the charges if the production angle Θ could be determined unambiguously on an event-by-event basis. However, this is not possible due to the two LSP's which escape detection. Additional information on these three quartic charges can however be obtained from the observation of spin-spin correlations. Since they are reflected in the angular correlations between theχ − 1 andχ + 1 decay products, they are experimentally accessible directly. Moreover, any dependence on the specific parameters of the decay mechanisms can be eliminated as shown later in detail.
The spin-spin correlation matrix Q ij consists of nine independent elements. They can be derived from the η i ×η j projections of the covariant matrix Q µν :
Note that the spin-spin correlation matrix is built up again by the same quartic charges Q 1 , Q 2 and Q 3 as the unpolarized cross section.
Chargino Decays and Correlations

Chargino Decays
The polarization and spin-spin correlations of the charginos can be inferred from the angular distributions of the decay products. Assuming the neutralinoχ 0 1 to be the lightest supersymmetric particle, several mechanisms contribute to the decay of the charginoχ 
with
where Y q = 1/6 is the quark hypercharge. Analogous expressions apply to decays into lepton pairs with
> mν, the two-body decay of the chargino into a sneutrino and a charged lepton (with the sneutrino subsequently decaying into a neutrino and the lightest neutralino) will be the dominant mode [13] . This case can be taken into account by including the decay width of the sneutrino in the propagators. 
Besides the parameters M 2 , µ and tan β, which already appear in the chargino mass matrix, the only additional parameter in the neutralino mass matrix is M 1 . [In Grand Unified Theories where the gaugino masses are unified at a high-scale, the parameters M 1 and M 2 are related by
The decay distribution of a chargino with polarization vector P is formally analogous to the production amplitude after crossing of the neutralino line and substitution of the generalized charges,
where n µ is theχ For the subsequent discussion of the angular correlations between the two charginos in the final state, it is convenient to determine the spin-density matrix elements
for the kinematical configuration defined before. Choosing theχ ± 1 flight direction as quantization axis, the spin-density matrix is given by the form
is the polar angle of the f 1f2 (f 3 f 4 ) system in theχ
) rest frame with respect to the original flight direction in the laboratory frame, and φ * (φ * ) the corresponding azimuthal angle with respect to the production plane. [The orientation of the reference frames has been defined in the 3rd section.] The spin analysis-power κ, which measures the left-right asymmetry, depends on the final ud or lν pair considered in the chargino decays. Since left-and right-chiral form factors F L , F R , contribute at the same time, the value of κ is determined by the masses and couplings of all the particles involved; neglecting effects from non-zero widths, loops and CP-noninvariant phases, κ (andκ) is real. While it is important in general to keep the momentum dependence of the Wpropagator, the squark propagators can be approximated by point propagators; in this case, the analytic expression for κ is given by
where µ 0 = mχ0
. Characteristic examples for κ(s ′ ), without using the point-propagator approximations, are presented in Fig. 6 for the same choice of parameters as Fig. 2b ; the squark masses are set to 300 GeV, and the gaugino masses are assumed universal at the unification scale. The size of κ decreases as the invariant mass of the fermion system increases. Good reconstruction of the two-fermion system with a modest invariant mass is therefore required to make efficient use of the polarization observables [and to make a precise determination of the end point of the invariant mass spectrum, which gives the neutralino mass].
Angular Correlations
Since theχ ± 1 lifetime is very small, only the correlated production and decay can be observed experimentally:
The analysis is complicated as the two invisible neutralinos in the final state do not allow for a complete reconstruction of the events. In particular, it is not possible to measure thẽ χ ± 1 production angle Θ; this angle can be determined only up to a two-fold ambiguity.
In covariant language the final state distributions are found by combining the polarized cross section dσ = dσ
with the polarized decay distributions
Inserting the completeness relations
the overall event topology can be calculated from the formula
with covariant expressions for P µ etc as noticed earlier. This formula provides the basis for deriving any distribution or correlation between the final state particles.
Alternatively we may choose the helicity analysis to interpret the event topology. Denoting the matrix elements M = T λλ D λ Dλ, the 7-fold differential cross section can be derived from the transition probability |M| 2 = T λλ T * λ ′λ′ ρ λλ ′ρλλ′ :
with Σ = λλ λ ′λ′ σ σ; λλ σ; λ ′λ′ * ρ λλ ′ρλλ′ (38)
The unobservableχ ± 1 production angle Θ will be integrated out and, for the sake of simplicity, the (f 1f2 ) and (f 3 f 4 ) invariant masses √ s ′ , √s ′ too. The integrated cross section
can be decomposed into sixteen independent angular parts Σ = Σ unpol + cos θ * κP + cosθ * κP + cos θ * cosθ * κκQ
The sixteen coefficients are combinations of helicity amplitudes, corresponding to the unpolarized cross section, 2 × 3 polarization components and 3 × 3 spin-spin correlations.
(i) Unpolarized cross section:
(ii) Polarization components: (iii) Spin-spin correlations: Since loops and the width of the Z-boson can be neglected for high energies, the helicity amplitudes in eq. (12) can be taken real in CP-invariant theories. In this approximation the six functionsŪ ,V,W,X ,Ȳ,Z can be discarded. Moreover, from CPinvariance, σ; λλ = −(−) (λ−λ) σ; −λ − λ , it follows thatP = −P, U = −V and W = X . The overall topology is therefore determined by seven independent functions: Σ unpol , P, Q, U, W, Y, Z.
In terms of the generalized charges, the correlation functions Q and Y, which we will discuss next in detail, are given by
The observables P,P, Q and Y enter into the cross section together with the spin analysis-power κ(κ). CP-invariance leads to the relationκ = −κ. Therefore, taking the ratios P 2 /Q and P 2 /Y, these unknown quantities can be eliminated so that the two ratios reflect unambiguously the properties of the chargino system, being not affected by the neutralinos. It is thus possible to study the chargino sector in isolation by measuring the mass of the lightest chargino, the total production cross section and the spin(-spin) correlations. The energy dependence of the two ratios P 2 /Q and P 2 /Y is shown in Fig. 7 ; the same parameters are chosen as in the previous figures. The two ratios are sensitive to the quartic charges at sufficiently large c.m. energies since the charginos are, on the average, unpolarized at the threshold, c.f. eqs. (24). Note that Y vanishes for asymptotic energies so that an optimal energy must be chosen not far above threshold to measure this observable.
Observables and Extraction of SUSY Parameters
The pair production of the lightest chargino χ ± 1 is characterized by the chargino mass mχ± 1 , the sneutrino mass mν, and the two mixing angles cos 2φ L,R . These three quantities can be determined from the production cross section and the spin correlations.
The mass mχ± 1 can be measured very precisely near the threshold where the production cross section σ(e + e − →χ + 1χ − 1 ) rises sharply with the velocity β = 1 − 4m
/s. Combining the energy variation of the cross section with the measurement of the spin correlations, the sneutrino mass mν and the two mixing angles cos 2φ L and cos 2φ R can be extracted.
The decay angles {θ * , φ * } and {θ * ,φ * }, which are used to measure the χ ± 1 chiralities, are defined in the rest frame of the charginosχ − 1 andχ + 1 , respectively. Since there are two invisible neutralinos in the final state, they can not be reconstructed completely. However, the longitudinal components and the inner product of the transverse components can be reconstructed from the momenta measured in the laboratory frame (see e.g. Ref. [14] ),
where γ = √ s/2mχ±
1 . E(Ē) and E * (Ē * ) are the energies of the two hadronic systems in the laboratory frame and in the rest frame of the charginos, respectively; p( p) and p * ( p * ) are the corresponding momenta. ϑ is the angle between the momenta of the two hadronic systems; the angle between the vectors in the transverse plane is given by ∆φ * = 2π − (φ * +φ * ) for the reference frames defined earlier. The polarization and correlation functions, P, Q and Y can therefore be measured directly. Since the polarization P is odd under parity and charge-conjugation, it is necessary to identify the chargino electric charges in this case. This can be accomplished by making use of the mixed leptonic and hadronic decays of the chargino pairs. On the other hand, the observables Q and Y are defined without charge identification so that the dominant hadronic decay modes of the charginos can be exploited.
The measurements of the cross section at an energy √ s, and either of the ratios P 2 /Q or P 2 /Y can be interpreted as contour lines in the plane {cos 2φ L , cos 2φ R } which intersect with large angles so that a high precision in the resolution can be achieved. A representative example for the determination of cos 2φ L and cos 2φ R is shown in Fig. 8 . The mass of the light chargino is set to mχ± 1 = 95 GeV, and the "measured" cross section, P 2 /Q and P 2 /Y are taken to be
at √ s = 500 GeV. The three contour lines meet at a single point {cos 2φ L , cos 2φ R } = {−0.8, −0.5} for mν = 250 GeV; note that the sneutrino mass can be determined together with the mixing angles from the "measured values" in eq. (46).
The solutions can be discussed most transparently by introducing the two triangular quantities
They can be derived from the measured values cos 2φ L and cos 2φ R up to a discrete ambiguity which is due to the sign ambiguity in sin 2φ L and sin 2φ R . Solving the set
the solutions (p, q) in point (1) and point (2) of Fig. 8 are found for sin 2φ L sin 2φ R > < 0, respectively. A second set is found by reversing the signs of the solutions pairwise. These solutions are shown for positive values of pq in Fig. 8 .
From the solutions (p, q) derived above, the SUSY parameters can be determined in the following way.
(i) tan β: Depending on the relative magnitude of cos 2φ R and cos 2φ L , the value of tan β is either larger or smaller than unity. The first case is realized for
If the denominator is positive, there are either up to two solutions for tan β > 1 in point (1) and none in point (2) , or at most one in point (1) and at most one in point (2) . The possible solutions can be counted in an analogous way if the denominator is negative; the rôles of point (1) and point (2) are just interchanged. The same counting is also valid in the second case for cos 2φ R < cos 2φ L : tan β = (
Thus, only a two-fold ambiguity is inferred from all the solutions in point (1) and point (2).
(ii) M 2 , µ: The gaugino and higgsino mass parameters are given in terms of p and q by the relations
The parameters M 2 , µ are uniquely fixed if tan β is chosen properly in point (1) and/or point (2) . Since tan β is invariant under pairwise reflection of the signs in (p, q), the definition M 2 > 0 can be exploited to remove this additional ambiguity.
As a result, the fundamental SUSY parameters [tan β; M 2 , µ] can be derived from the observables mχ± (1) gives negative values for tan β. In practice, the errors in the observables mχ± 1 and cos 2φ R,L must be analyzed experimentally and the migration to the fundamental SUSY parameters must be studied properly. This however is beyond the scope of the purely theoretical analysis presented in this paper.
Conclusions
We have analyzed how the parameters of the chargino system, the mass of the lightest chargino mχ± 1 and the size of the wino and higgsino components in the chargino wavefunctions, parameterized in terms of the two angles φ L and φ R , can be extracted from pair production of the lightest chargino state in e + e − annihilation. In addition to the total production cross section, angular correlations among the chargino decay products give rise to two independent observables which can be measured directly despite of the two invisible neutralinos in the final state.
From the chargino mass mχ± 1 and the two mixing angles φ L and φ R , the fundamental supersymmetric parameters tan β, M 2 and µ can be extracted up to at most a two-fold discrete ambiguity. Moreover, from the energy distribution of the final particles in the decay of the chargino, the mass of the lightest neutralino can be measured; this allows to determine the parameter M 1 so that also the neutralino mass matrix can be reconstructed in a model-independent way.
The analysis has been carried out for scenarios in which the chargino sector is CPinvariant. The generalization to CP non-invariant theories [12, 15] is touched upon in a brief appendix for completeness. 
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APPENDIX: Complex mass parameters
In CP-noninvariant theories, the gaugino mass M 2 and the Higgs mass parameter µ can be complex. However, by reparametrizations of the fields, M 2 can be assumed real and positive without loss of generality [12] so that the only non-trivial invariant phase is attributed to µ:
In these theories the complex chargino mass matrix (1) is diagonalized by two unitary matrices U L and U R :
They can be parameterized in the following way:
The eigenvalues m Theχ 1χ1 γ andχ 1χ1 Z vertices are real and they can be expressed by the mixing angles φ L,R in the same way as in CP-invariant theories. Even though the new phases enter the eνχ 1 vertex, they do not affect theν-exchange amplitude. As a result, the analytical expressions of all observables in the diagonal process e + e − →χ + 1χ − 1 remain the same when described in terms of the mixing angles φ L and φ R . Since the density matrix (31) is factored out completely and the form of the sixteen coefficients in eqs. (41), (42) and (43) does not change by CP-noninvariance, the analysis described in this paper is not changed.
If the phase θ is introduced, the observables mχ± 1 , φ L and φ R are insufficient to reconstruct the fundamental SUSY parameters tan β, M 2 , |µ| and θ in toto. In this complex situation, one more observable is needed. The additional information may be extracted, for example, from theχ ± 2 mass. [Else the neutralino system may be exploited to provide the additional observable [15] ]. The CP-odd phase θ can be determined directly in the non-diagonal process e + e − →χ + 1χ − 2 , see Ref. [12] . 
